S U M M A R Y The dental follicle contains mesenchymal cells that differentiate into osteoblasts, cementoblasts, and fibroblasts. However, the characteristics of these mesenchymal cells are still unknown. a-Smooth muscle actin (a-SMA) is known to localize in stem cells and precursor cells of various tissues. In the present study, to characterize the undifferentiated cells in the dental follicle, immunohistochemical localization of a-SMA was examined during rat molar tooth development. Rat mandibles were collected at embryonic days (E) 15-20 and postnatal days (P) 7-28. Immunohistochemical stainings for a-SMA, periostin, Runt-related transcription factor-2 (Runx2), tissue nonspecific alkaline phosphatase (TNAP), and bone sialoprotein (BSP) were carried out using paraffin-embedded sections. a-SMA localization was hardly detected in the bud and cap stages. At the early bell stage, a-SMA-positive cells were visible in the dental follicle around the cervical loop. At the late bell to early root formation stage (P14), these cells were detected throughout the dental follicle, but they were confined to the apical root area at P28. Double immunostaining for a-SMA and periostin demonstrated that a-SMA-positive cells localized to the outer side of periostin-positive area. Runx2-positive cells were visible in the a-SMA-positive region. TNAP-positive cells in the dental follicle localized nearer to alveolar bone than Runx2-positive cells. BSP was detected in osteoblasts as well as in alveolar bone matrix. These results demonstrate that a-SMA-positive cells localize on the alveolar bone side of the dental follicle and may play a role in alveolar bone formation. (J Histochem Cytochem 54:1371 -1378 , 2006 K E Y W O R D S a-smooth muscle actin dental follicle undifferentiated cell rat molar periostin THE DENTAL FOLLICLE surrounding the tooth germ contains mesenchymal cells that are able to differentiate into osteoblasts, cementoblasts, and fibroblasts (Nanci 2003) . As a result, this tissue is able to form the periodontal tissues including alveolar bone, cementum, and periodontal ligament. However, the characteristics and distribution of undifferentiated cells within the dental follicle and periodontal tissues are still unclear.
Previous reports have described a-smooth muscle actin (a-SMA) as a cytoskeletal protein that is localized to some stem and precursor cells (Cai et al. 2001; Kinner et al. 2002; Yamada et al. 2005) . This protein has also been found in various tissues during tissue repair and regeneration following injury (Chaponnier and Gabbiani 2004; van Beurden et al. 2005 ). Thus, a-SMA may be a suitable marker of undifferentiated cells (Kinner et al. 2002) . Additionally, in mature tissues, a-SMA is localized to pericytes of blood vessels, intestinal muscularis mucosae, and myoepithelial cells of mammary and salivary glands (Mukai et al. 1981; Skalli et al. 1986 ), which are required in a forcegenerating capacity. However, the temporospatial localization of a-SMA in developing and mature teeth has not been previously examined.
On the other hand, regeneration of periodontal tissues, lost as a result of periodontal disease, is a key objective of periodontal treatment. Several surgical techniques have been developed to assist with regeneration of periodontal tissues including guided tissue regeneration, bone grafting, and the use of enamel matrix derivative (Emdogain; Straumann, Basel, Switzerland), but their success is not predictable. Development of new periodontal regeneration therapies using the undifferentiated cells in the periodontal tissues thus remains ongoing. The human periodontal ligament contains multipotent stem cells that differentiate into osteoblasts, cementoblasts, and fibroblasts, and these cells could possibly be used to induce periodontal regeneration (Seo et al. 2004 (Seo et al. ,2005 . Additionally, the dental follicle has been utilized as a source of undifferentiated cells in in vitro and in vivo studies (Saito et al. 2005) . Because the dental follicle and periodontal ligament are immunopositive for periostin (Kruzynska-Frejtag et al. 2004; Suzuki et al. 2004 ), this protein is often used as a marker of these tissues. However, determining the degree of cell differentiation could not be readily ascertained. A more definitive understanding of the periodontal tissue could assist with the development of regenerative methods using periodontal cells.
The differentiation process of alveolar bone-formative osteoblasts has also not been clarified. Bone morphogenetic proteins (BMPs) and/or transforming growth factor (TGF)-b act on undifferentiated cells and phosphorylate R-Smads through their receptors. These phosphorylated R-Smads subsequently interact with Smad4 and translocate to the nucleus (Derynck et al. 1998; Shi and Massague 2003) . Thereafter, Runx2, the essential transcription factor for osteoblast differentiation, is expressed in osteogenic cells and induces the expression of bone matrix proteins such as osteopontin (OPN) and bone sialoprotein (BSP) (Lian et al. 2004) . In these processes, expression of tissue nonspecific alkaline phosphatase (TNAP) is also increased (Hoshi et al. 1997; Hosoya et al. 2003) .
In the present study, we show that a-SMA is specifically expressed in the dental follicle. In addition, to examine the distribution pattern of a-SMA and the differentiation process of these positive cells, immunohistochemical localization of a-SMA and other differentiation marker proteins were examined during rat molar tooth development. The marker of the dental follicle used was periostin-specific antibody. Observations of cell differentiation process in a-SMApositive area were also undertaken and involved the use of Smad4-, Runx2-, OPN-, BSP-, and TNAPspecific antibodies.
Materials and Methods
All experiments were performed according to guidelines set forth by the Matsumoto Dental University Committee on Intramural Animal Use.
Western Blotting
First molar tooth germs of E15, 17, and 20 Wistar rats were removed from the mandible. Samples were dissolved in 100 ml of sample buffer containing 4% SDS, 20% glycerol, and 12% mercaptoethanol in 100 mM Tris-HCl (pH 6.8) and heated at 100C for 5 min. These lysates were quantified by BCA protein assay kit (Pierce Biotechnology; Rockford, IL), and an equal amount (30 mg) of each lysate was fractionated by SDS-PAGE using 12% polyacrylamide gel. Samples were then electrophoresed at 150 V for 60 min and transferred to a nitrocellulose membrane using 192 mM glycine and 20% methanol in 25 mM Tris-HCl (pH 8.3) at a constant amperage of 50 mA for 60 min. The membrane was immersed in 10 mM TBS, pH 7.4, containing 10% skim milk for 30 min to block nonspecific binding. It was subsequently incubated with mouse monoclonal antibody against human a-SMA (1A4;R&D Systems, Minneapolis, MN), diluted 1:1000 for 12 hr at 4C, and then with horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Sigma; St Louis, MO) for 1 hr at room temperature. Immunoreactivity was visualized using ECL Western blotting detection reagents (Amersham Pharmacia Biotech UK Ltd.; Buckinghamshire, England) according to the manufacturer's instructions. The membrane was then reprobed in 2% SDS, 62.5 mM Tris-HCl (pH 6.7), and 100 mM 2-mercaptoethanol for 30 min at 50C and subsequently incubated with rabbit antimouse actin polyclonal antibody (Biomedical Technologies; Stoughton, MA), and HRP-conjugated anti-rabbit IgG (Sigma) for comparison of the amount of total protein.
Immunohistochemistry
Rat mandibles were collected at E15-20 and P7-28 and fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 24 hr at 4C. After demineralization with 10% EDTA, pH 7.4, for 3 weeks at 4C, the specimens were embedded in paraffin and sectioned at a thickness of 4 mm. Sections were then treated with 0.3% H 2 O 2 in PBS, pH 7.4, for 30 min at room temperature to inactivate endogenous peroxidase. They were pretreated with 10% BSA (Seikagaku; Tokyo, Japan) in PBS for 1 hr at room temperature and incubated in mouse monoclonal antibodies against human a-SMA, human Smad4 (Santa Cruz Biotechnology; Santa Cruz, CA), and rabbit polyclonal antibodies against mouse Runx2 (Santa Cruz Biotechnology), rat TNAP (provided by Dr. Y. Ikehara), mouse OPN (provided by Dr. M. Fukae), human BSP (LF-120, provided by Dr. L.W. Fisher) for 12 hr at 4C. The antibodies against a-SMA, TNAP, OPN, and BSP were diluted to 1:500, and Smad4 and Runx2 antibodies were diluted to 1:100. Sections were reacted with Histofine Simple Stain rat MAX-PO (MULTI; Nichirei Co., Tokyo, Japan) for 1 hr at room temperature. Immune complexes were visualized using DAB (Envision kit; DAKO, Carpinteria, CA). Immunostained sections were then counterstained with hematoxylin. Nonimmune mouse or rabbit sera were diluted to the same strength for use as negative controls. Control sections did not show any specific immunoreactivity. Double-immunofluorescence staining was performed using mouse monoclonal antibody against human a-SMA and rabbit polyclonal antibody against human periostin (BioVendor Laboratory; Heidelberg, Germany). Sections were pretreated with 10% BSA in PBS for 1 hr at room temperature and incubated with 1:100 diluted primary antibodies for 12 hr at 4C. Sections were then incubated with 1:100 diluted Alexa-Fluor-488-conjugated anti-mouse IgG (Molecular Probes; Eugene, OR) and Alexa-Fluor-594-conjugated anti rabbit IgG (Molecular Probes) as secondary antibodies for 1 hr at room temperature. Samples were evaluated using a fluorescent microscope (Axioplan 2; Carl Zeiss, Jena, Germany) with the appropriate filter combinations.
Results
Localization of a-SMA During the Bud, Cap, and Early Bell Stages of Tooth Development Western blotting analysis revealed that a-SMA antibody did not react with the lysate of E15 mandibular molar tooth germ. However, this antibody did react with the lysate of E17 and E20 tooth germs, with the intensity of reactivity increasing as tooth development progressed ( Figure 1A) .
Immunohistochemical localization of a-SMA was scarce in the tooth germ at the bud (E15) and cap (E17) stages ( Figures 1B and 1C) . At the early bell stage (E20), the dental follicle around the cervical loop displayed a-SMA immunoreactivity (Figures 1D and 1E ). This immunoreactivity was seen within the cytoplasm of dental follicle cells possessing long cell processes (Figure 1F) . The enamel organ and dental papillae showed no immunoreactivity.
Localization of a-SMA During the Late Bell and Root Formation Stages of Tooth Development
At the late bell stage (P7), a-SMA-positive cells were seen in the dental follicle surrounding the enamel organ Figure 2A ). These cells seemed to localize on the alveolar bone side of the dental follicle ( Figures 2B and  2C ). Pericytes and smooth muscle cells of blood vessels surrounding the tooth germ and within the bone marrow displayed immunoreactivity. The surface of the alveolar bone, except the surface adjacent to the tooth germ, showed no immunoreactivity (Figure 2A) . At the root formation stage (P14), intense immunostaining for a-SMA was observed in the dental follicle around Hertwig's epithelial root sheath (HRS). The dental follicle surrounding the enamel organ showed weaker immunoreactivity than that around HRS (Figures 2D-2F ). As root formation progressed (P28), a-SMA-positive cells were confined to the apical region of the dental follicle ( Figures 3A and 3C ). In the upper region of the periodontal space, there was no immunoreactivity for a-SMA, except for that associated with the blood vessels ( Figure 3B ). In the pulp tissue, pericytes and smooth muscle cells of the blood vessels were positive for a-SMA, but odontoblasts and pulp cells showed no immunoreactivity ( Figure 3A) .
a-SMA and Periostin Localization in the Dental Follicle
In the root apex of P28, a-SMA-positive cells were localized to the dental follicle. Pericytes and smooth muscle cells of the blood vessels in the periodontal space were also immunopositive for a-SMA ( Figure 4A ). Periostin was localized to the apical region of the dental follicle and to the periodontal ligament ( Figure 4B ). The merged image demonstrated that a-SMA-positive cells localized on the outer side of the dental follicle showing periostin immunoreactivity ( Figure 4C ). This staining pattern of a-SMA and periostin in whole regions of the dental follicle was consistent from E20 to P14 (not shown).
Distribution of Osteoblast Differentiation Marker Proteins in the Root Apex
In the root apex at P28, Smad4-and Runx2-positive cells were distributed in the apical dental follicle consistent with a-SMA-positive region ( Figures 5A and 5B) . TNAP-positive cells in the dental follicle localized closer to alveolar bone than Smad4-and Runx2-positive cells ( Figure 5C ). Immunostaining for OPN and BSP was detected in osteoblasts, as well as in alveolar bone matrix ( Figures 5D and 5E ).
Discussion
In the present study, a-SMA-positive cells were detected on the outer side of a periostin-positive area, and a relationship between a-SMA and periostin was observed during all stages of tooth development. Periostin is a protein specifically localized to the dental follicle and periodontal ligament (Kruzynska-Frejtag et al. 2004; Suzuki et al. 2004 ), suggesting that a-SMA-positive cells localize on the alveolar bone side of the dental follicle but not in the dental follicle near the outer enamel epithelium. This finding seems to confirm the idea that the dental follicle does not contain a homogeneous cell population and is divided into two regions (Schroeder 1991) . In addition, because a-SMA-positive cells were localized on the alveolar bone side of the dental follicle, these cells are presumed to be involved in alveolar bone formation. This is supported by a previous study showing that MC3T3-E1, an osteoblast-like cell line, synthesizes a-SMA during the undifferentiated stage (Menard et al. 2000) . Furthermore, because BMPs, especially BMP3, are expressed in some dental follicle cells, it is thought that BMPs regulate the formation of the osteoblast during root formation (Yamashiro et al. 2003) . In the present study we determined the immunohistochemical localization of osteoblast differentiation marker proteins Smad4, Runx2, TNAP, OPN, and BSP, which are known to be downstream proteins of BMPs, in a-SMA-positive regions. Smad4-and/or Runx2-positive cells were detected in a-SMA-positive areas. In addition, TNAP-, OPN-, and BSP-positive cells were detected closer to the alveolar bone, suggesting that a-SMA-positive cells may differentiate into osteoblasts. The areas of ectomesenchyme in bud (E15) and cap (E17) stages are believed to be undifferentiated. However, they were immunonegative for a-SMA. On the other hand, some dental follicle cells after early bell stage showed immunopositivity, suggesting that a-SMA begins to be expressed into some undifferentiated cells when they embark upon their differentiation process in the dental follicle. In addition, a-SMA-positive cells disappeared in the upper region of the periodontal tissues as root formation progressed (P28). Therefore, a-SMA may be a useful marker for determining the degree of cell differentiation in the dental follicle and in periodontal tissues.
The function of a-SMA is not clearly understood. a-SMA-expressing dental pulp cells increased with time in culture, and these cells have the contractile capacity to collagen-glycosaminoglycan analog of extracellular matrix in vitro (Brock et al. 2002) . In addition, a-SMA is highly expressed in vascular smooth muscle cells, suggesting that it is required in a force-generating capacity. However, a-SMA null mice appear to have no abnormality in vascular contractility and blood pressure homeostasis, as a result of the partial substitution with other actin isoforms (Schildmeyer et al. 2000) . It is thought that the dental follicle and periodontal ligament are implicated in the process of tooth eruption, and tooth eruption is linked to the contractility of fibroblasts. In the present study, a-SMA-positive region was shifted from the pericoronal dental follicle to the apical root at the beginning of root formation (P14) and confined to the apical root area by the late root formation stage (P28). Furthermore, although the number of a-SMA-positive cells decreased over time, the localization pattern in the apical root area was similar in 1-yearold rats (not shown). Therefore, expression of a-SMA may play a possible role in cell contractile capacity and tooth eruption. Meanwhile, a-SMA is also thought to act in the maintenance of the undifferentiated cell in an angiogenic capacity (Kinner et al. 2002; Hinz et al. 2003; Chaponnier and Gabbiani 2004) . Further research into the role of a-SMA in tooth formation is required.
In conclusion, a-SMA is localized to the alveolar bone side of the dental follicle cells after the bell stage of tooth formation. This suggests that these cells might differentiate into osteoblasts and contribute to alveolar bone formation. Our results also suggest that a-SMA might be a useful marker of undifferentiated dental follicle cells for research into periodontal development and regeneration. 
